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Abstract — Integrated photonic circuits, increasingly based on 
silicon (-nitride), are at the core of the next generation of low-cost, 
energy efficient optical devices ranging from on-chip interconnects 
to biosensors. One of the main bottlenecks in developing such 
components is that of implementing sufficient functionalities on 
the often passive backbone, such as light emission and 
amplification. A possible route is that of hybridization where a 
new material is combined with the existing framework to provide 
a desired functionality. Here, we present a detailed design flow for 
the hybridization of silicon nitride - based integrated photonic 
circuits with so-called colloidal quantum dots (QDs). QDs are 
nanometer sized pieces of semiconductor crystals obtained in a 
colloidal dispersion which are able to absorb, emit and amplify 
light in a wide spectral region. Moreover, they combine cost-
effective solution based deposition methods, ambient stability and 
low fabrication cost. Starting from the linear and non-linear 
material properties obtained on the starting colloidal dispersions, 
we can predict and evaluate thin film and - device performance, 
which we demonstrate through characterization of the first on-
chip QD based laser.  
 
Index Terms — Integrated Optics, Nanotechnology, Quantum 
Dots, Silicon on insulator technology 
I. INTRODUCTION 
Silicon photonics holds great promise for future integrated 
optical networks where photons instead of electrons are used 
to carry information, either across the globe or on a micro-
chip.[1] Using silicon, it can rely on the immense CMOS 
fabrication expertise and infrastructure. Recent years saw the 
commercialization of several silicon photonics products from 
major industrial players such as IBM, Alcatel-Lucent or Intel. 
The possibility to fabricate small footprint modules with low 
energy consumption on a large scale is not only interesting for 
the long-range telecom market. Applications in fields as 
diverse as lab-on-a-chip biosensing, quantum computing and 
on-chip interconnects are intensely explored.[2] Although the 
use of silicon based (nano-)photonics brings unique 
advantages in terms of scalability and end-cost, it does put a 
limit to the functionalities that can be achieved. Indeed, 
although silicon is an excellent light guide due to its high 
refractive index, it falls short as a material for generating light 
due to its indirect band gap. This makes that crucial integrated 
photonic building blocks such as an efficient coherent light 
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source (i.e., a laser) are notoriously difficult to make from 
plain silicon.[3]–[5]In addition, silicon’s relatively narrow 
band gap limits the use of the platform to long wavelengths 
and strong two-photon absorption pushes this range even 
further for high power non-linear applications. An alternative 
is to use silicon nitride (SiNx), a dielectric with a large band 
gap (ca. 5 eV) that can be processed within the same CMOS 
framework as silicon. Light emission and absorption becomes 
even more difficult due to the dielectric nature of SiNx, yet the 
large gap opens up possibilities of integrated photonics in the 
visible part of the spectrum where on-chip bio-sensing and 
Raman spectroscopy are actively investigated.[6] The most 
common approaches to remedy the shortcomings of silicon (-
nitride) for light emission and amplification are (a) bonding or 
(b) direct growth of functional materials/circuits on top of 
silicon. [7], [8] Recently, the direct growth procedure resulted 
in the first electrically pumped continuous wave laser directly 
grown on silicon using epitaxially grown QDs.[9] An 
alternative approach is that of hybridization with solution 
processable materials, where a desired material is deposited on 
silicon using low temperature and non-vacuum deposition 
methods such as spin coating. A possible, yet for now rather 
unexplored, way of achieving this is the use of inorganic 
colloidal quantum dots (QDs)[10]–[12], i.e., semiconductor 
nanocrystals obtained through a wet chemical synthesis. The 
optical properties, such as light absorption and emission, are 
optimized by exploiting various parameters such as particle 
composition and architecture (core/shell, shape/size, hybrid 
metallic/semiconducting). A broad absorption spectrum 
combined with a narrow photoluminescence, tunable from the 
UV to the mid-infrared with a high photoluminescence 
quantum yield makes them very appealing for applications in 
opto-electronics. Additionally, the low cost of the QD 
synthesis and deposition methods, typically through non-
vacuum techniques such as spin coating or Langmuir-Blodgett 
deposition, already puts them at the forefront of diverse 
applications such as displays, lighting, solar cells and 
luminescent solar concentrators.[13] The same assets of 
tunable optical properties and easy processing makes QDs 
most appealing for  hybrid integrated photonics, where they 
could be used as building blocks for coherent light sources 
such as lasers or incoherent broadband LEDs. Several groups 
have worked combining QDs with integrated photonic 
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circuits, mainly focusing on combining QDs with 
microcavities or plasmonic components to boost the 
spontaneous emission rate through a Purcell-effect. [14]–[19] 
In this review, we will focus on the development of coherent 
integrated light sources based on colloidal QDs and expand on 
a design methodology for such components. In particular, we 
will focus on the interplay betwen the requirements of the 
integrated component and the implications for the QD's linear 
and non-linear properties. Two prime demonstrators will be 
used to demonstrate the validity of our approach: waveguide-
based amplifiers and microdisk lasers for the silicon-nitride 
platform fabricated with flash CdSe/CdS QDs. [20] Even 
though we focus on the state-of-the art flash QDs, the design 
flow presented here is generic and can in principle be applied 
to future solution-processable colloidal materials such as the 
promising 2D 'nanoplatelets' or Cd-free quantum dots such as 
InP/ZnS(e). [21]–[23] 
 
 
Fig. 1.  Design methodology for QD-enabled on-chip devices 
 
This review presents the whole flow of translating the exciting 
solution-based properties of colloidal QDs (efficient 
spontaneous emission, broadband optical gain, solution 
processability, ..) into the community of integrated photonic 
components. A toolbox is presented that allows to connect and 
combine the output of one community (optical properties of 
colloidal QDs) to the requirement of the other (integrated 
device requirements).  
 
The flow (see also Figure 2) is based on a number of distinct 
steps: 
 
• Section II: Obtaining the relevant linear and non-
linear material properties of colloidal QDs in 
solution, judging their quality and developing a 
framework to translate the properties into device-
specific quantities. 
• Section III: Transfer of QDs from the colloidal 
solutions to (patterned) thin films with high 
uniformity, followed by embedding of the QDs into 
SiNx stacks and etching said stacks into desired on-
chip components, without degradation of material 
quality and non-linear properties (especially light 
amplification).  
• Section IV: Develop a theory framework to couple 
the solution based properties to 'modal' properties of 
the integrated components.  
• Section V: Hybrid waveguides will be developed as a 
testbed to characterize the latter. 
• Section VI: Using the above to design and fabricate a 
photonic component , in particular an integrated 
microdisk laser, and couple the output back to 
possible optimization of the previous steps, e.g. QDs 
with higher modal gain, optically smoother films, 
stronger mode coupling, ... 
II. COLLOIDAL QUANTUM DOTS 
Opposite from epitaxially grown semiconductors, colloidal 
QDs are obtained as a dispersion of nanocrystals in an apolar 
solvent through wet chemical synthesis (see Fig. 2).[12] Their 
linear optical properties, such as absorption and spontaneous 
emission, are therefore usually evaluated on such dispersions. 
We will extend this idea and show that nearly every important 
material property can be evaluated from such solution-based 
measurements: the linear but also non-linear absorption / 
emission spectra, material gain, optical gain threshold and the 
excited state lifetime for stimulated emission.  
A. CdSe/CdS core/shell quantum dots 
The most-studied colloidal QD systems are most likely the 
Cd-based core and CdSe/CdS core/shell QDs, as these 
materials are active in the visible part of the spectrum and can 
be synthesized with extreme control over their size and 
shape.[20] Coating CdSe cores with a wide gap material 
allows to tune the opto-electronic properties and also provides 
a better passivation for the core resulting in high 
photoluminescence quantum yields. In our approach, 
CdSe/CdS QDs are synthesized through a seeded growth flash 
procedure [20], [24] which rapidly yields core/shell QDs with 
a sizeable shell. Fig. 2 shows a Transmission Electron 
Microscope (TEM) image of such flash QDs and their 
respective linear absorption and emission spectrum when 
dispersed in toluene, respectively. High photoluminescence 
quantum yields (routinely 50-70%, with record values of 80%) 
and narrow linewidths (FWHM of 30 nm) are obtained, even 
for very thick CdS shells. Typical radiative lifetimes of ca. 60 
ns are obtained after non-resonant photo-excitation. 
Suppressed non-radiative Auger recombination and reduced 
single QD blinking were observed, possibly due to the 
formation of an alloy at the CdSe/CdS core/shell interface 
leading to a smoother confinement potential. [25]–[27] As we 
will see further, these QDs can be deposited on silicon(-
nitride) with monolayer precision and, importantly, they retain 
their optical properties even after embedding into SiNx, in part 
due to the thick CdS shell which protects the emitting core 
from degradation (see section III). Further improvements 
could be made by coating the CdSe/CdS QDs with a ZnS(e) 
shell [20] which further protects the core exciton states from 
surface mediated non-radiative relaxation.[28] 
  
This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/JSTQE.2017.2737882
Copyright (c) 2017 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.
IEEE Journal of Selected Topics in Quantum Electronics 
 
3 
 
Fig. 2.  Overview of flash CdSe/CdS QDs (a) TEM image of CdSe/CdS 
core/shell QDs with a core size of 3.5 nm and a total size of 8 nm. Inset: 
CdSe/CdS QDs in toluene under UV illumination (b) Absorption (black, 
expressed as intrinsic absorption coefficient 𝜇" , see part II.B) and emission 
(red) spectrum after excitation with 365 nm with a luminescence quantum 
yield of 80.8 +/- 3.6 %. Inset: Photoluminescence (PL) decay at 620 nm 
showing an average decay time of 62 ns.  
B. Intrinsic Material Properties  
The most obvious linear property of QDs is that of broadband 
light absorption. We will present a framework to use this 
ubiquitous property to predict more intricate properties (see 
section II.C) such as the material gain. Characterizing a 
colloidal dispersion of QDs by the QD volume fraction f, we 
can write the extinction coefficient of that composite medium 
as the product of an intrinsic absorption coefficient 𝜇" (cm-1) 
and the volume fraction f [29]: 
 𝜇 = 𝜇"×𝑓    (1) 
 
In this framework, 𝜇" is the absorption coefficient of a 
fictitious QD dispersion that has a QD volume fraction of 1. 
In the case of simple core-only systems, one can write 𝜇" using 
Maxwell-Garnett theory as:  
 𝜇"(𝜆) = 2𝜋𝜆 𝑓+, - Im(𝜀12)					(2) 
 
Here, 𝜆 is the wavelength of interest, 𝜀12 is the complex 
dielectric function of the QD material and 𝑓+,  is the local 
field factor which takes screening of the external field due to 
the dielectric mismatch between QD core and the environment 
into account (see also section IV). For many quasi-spherical 
QDs, it has been found that 𝜇"	is size-independent at short 
wavelengths, with an experimentally verified value closely 
matching the value predicted by eq. 2 when using the bulk 
dielectric function of the QD constituent material. [5] For 
materials with different shapes or core/shell composition, eq. 2 
must be replaced by more elaborate expressions, yet it has 
been found that the same short wavelength limit applies.[30], 
[31] In the case of core/shell QDs such as CdSe/CdS [32], this 
makes that 𝜇" becomes a function of the geometry of the 
particle through the ratio of shell volume to total volume (see 
Fig. 3). [33] When the dielectric environment of the QDs 
changes, e.g. upon film formation, the local field factor in eq. 
2 might change slightly. Typically, an increase in the 
permittivity of the QD environment leads to an increase of the 
local field factor and hence a slightly larger 𝜇" could be 
expected, e.g. in thin films. 
 
 
Fig. 3.  (a) Calculated intrinsic absorption coefficient of wurtzite CdSe/CdS in 
toluene at 300 and 350 nm for varying composition and (b) 𝜇"  spectrum of a 
typical CdSe/CdS QD on a logarithmic scale showing the contribution of the 
strong CdS shell absorption at shorter wavelengths. Dielectric constants were 
taken from Adachi [34], which e.g. at 300 nm amounts to 𝜀4567 = 7.6 + 	6.7𝑖	 
; 𝜀456 = 6.6 + 	3.4𝑖). The solvent (toluene) was taken as 𝜀?@A = 2.2. 
 
The approach outlined above allows us to calculate a 𝜇"	spectrum from a regular absorbance spectrum A(λ), 
regardless of the QD volume fraction (see Fig. 3b) once the 
value for 𝜇" is known at a reference wavelength 𝜆B	(e.g. at 
300/350 nm for CdSe/CdS, see Fig. 3): 
 𝜇"(𝜆) = 𝐴(𝜆)/𝐴(𝜆B)	×	𝜇"(𝜆B)	    (3) 
 
It is important to realize that 𝜇" is a quantity depending on 
both the optical properties of the material at hand and the local 
environment. Neglecting the latter dependence in a first 
approximation yields a reasonable estimate of the optical 
properties of a QD film (characterized by a QD volume 
fraction f) or a specific photonic device (characterized by a 
modal overlap Γ). When needed, the influence of local field 
effects in thin films (see Eq. 2) can be accounted for in more 
detailed calculations, see section IV.[35]  
C. Optical Properties under Strong Photoexcitation 
Although the linear optical properties discussed in the 
previous sections already prime QDs for applications as 
diverse as on-chip (spontaneous) light emission and 
absorption, the step to high end applications such as amplifiers 
and lasers requires knowledge of the optical response under 
strong photo-excitation. Indeed, we aim at determining the 
conditions needed to develop stimulated emission and hence 
net optical gain. Again, we will show that we can characterize 
this 'non-linear' response through measurements on colloidal 
QD dispersions as obtained directly from the chemical 
synthesis. Several types of colloidal QDs have shown net 
optical gain since the first demonstration over 15 years ago for 
core-only CdSe QDs.[36] A bottleneck in the development of 
colloidal QDs for optical gain is the tradeoff between their 
size and non-radiative recombination processes such as 
surface trapping and Auger recombination which quench the 
excited state population required for optical gain.[37], [38] 
Indeed, due to the finite degeneracy of the discrete band edges 
in QDs, stimulated emission and hence optical gain arise from 
bi-exciton-to-exciton transitions. Unfortunately, the bi-exciton 
state is subject to the mentioned Auger process, leaving it to 
vanish on timescales of a few 10 - 100 ps in core-only 
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QDs.[39] Using CdSe/CdS, it was demonstrated that both a 
smooth interface potential between core and shell and an 
increased exciton volume could lead to a strong increase of the 
Auger lifetime, even to the level of several nanoseconds. [27], 
[40] Type II QDs which rely on strong carrier-carrier 
interactions to achieve a lower gain threshold [41] are not very 
practical because one of the charges (e.g. the hole in the 
reference system CdS/ZnSe) is pushed to the surface where it 
can be trapped quite easily by surface defects.[42] 
One of the difficulties in designing devices relying on optical 
gain (amplifiers & lasers) is that the conditions under which 
the QD material itself can develop sufficient stimulated 
emission (i.e. to counter the inevitable optical losses in 
integrated devices), are not well known. Such assessments 
involve an estimate of the modal gain, which would need the 
QD material gain as an input. Here, we will show that this 
desired material gain , labeled gi in this work, can be measured 
using transient absorption spectroscopy and we will 
demonstrate (see section IV.-V.) that it provides a good 
estimate of the experimental modal gain of SiNx/QD/SiNx 
waveguides. 
Transient absorption spectroscopy (TAS) is a pump-probe 
technique where a sample, e.g. a dispersion of colloidal QDs, 
is pumped with ultrashort laser pulses after which the change 
in absorption ΔA is measured by a time-delayed probe pulse as 
function of wavelength (or energy). Fig. 4a shows an example 
of a 2D ΔA - map obtained in a broadband TAS experiment. 
Here, ΔA is shown both as function of the probe wavelength 
(horizontal axis) and time delay (vertical axis). In particular, a 
CdSe/CdS QD dispersion is pumped using 110 fs pump pulses 
at 520 nm with a 1 kHz repetition rate. The most striking 
feature is a reduction in the absorption or bleach (ΔA < 0) at 
around 590 and 620 nm due to state filling of the band-gap 
transitions of the CdSe core.[43]  
Combining ΔA with the linear absorption spectrum A0 of 
unexcited QDs, shown in black in Fig. 4a, yields at every 
delay time the actual absorbance A of the dispersion after 
photo-excitation. The concomitant map of A is shown in Fig. 
4b for negative values of A only. Indeed, when A turns 
negative, probe light is actually amplified. Note that this is not 
amplified spontaneous emission, it simply implies that the 
probe beam is 'amplified' instead of absorbed. We clearly 
observe such a state of 'population inversion' or net stimulated 
emission in the region from 560 to 660 nm lasting for the first 
ca. 10-100 ps after the pump pulse. Fig. 4c represents non-
linear absorbance traces obtained on the same sample at a 
fixed probe wavelength of 620 nm at different pump pulse 
energies. It can be seen that a minimum pulse energy is 
needed to reach A<0 or population inversion, a quantity we 
call the gain threshold Pth. However, once pump energies are 
sufficiently high, population inversion can be reached within 1 
ps after pumping and can last up to ca. 650 ps, a time we call 
the 'inverted state lifetime' or 'gain lifetime' 𝜏G. Using eq. 3, 
the absorbance A at a given time delay is quickly rescaled into 
the intrinsic gain or material gain gi (see Figure 4d). This 
number yields the gain a QD material with a volume fraction f 
= 1 would have under the same pump conditions. Multiplying 
it with the actual volume fraction in a given situation yields 
the gain coefficient of any specific QD sample, from a close-
packed thin film to dilute polymer mixtures. Fig. 4d shows the 
material gain gi - spectra at a 5 ps time delay. Especially at 
higher pulse energies, a broad gain band band develops with gi 
reaching values of up to 2000 cm-1. As typical loss values for 
SiNx-based micro-resonators and waveguides are in the range 
of 1- 100 cm-1, these gi numbers clearly indicate the potential 
for QDs to enhance SiNx photonics. [44] Finally, the inset of 
Fig. 4d shows the material gain for increasing fluence 
allowing us to define a gain threshold which can be expressed 
in energy/cm2 (here 140 µJ/cm2) or by means of the number of 
absorbed photons per QD, here labeled 𝑁 . As expected from 
the bi-exciton nature of optical gain in colloidal QDs, the 
threshold value 𝑁 ?I ≅ 1.[41] 
 
 
Fig. 4.  Overview of multi-excitonic properties in solution measured using 
pump-probe spectroscopy for a dispersion of CdSe/CdS with a core size of 4 
nm and a total size of 9 nm (a) 2D time-wavelength map of ΔA after 520 nm 
photo-excitation for typical CdSe/CdS QDs dispersed in toluene (b) 2D map 
of the absorbance A = ΔA+A0 , where only A < 0 is shown , i.e. the region 
where net stimulated emission or optical gain occurs. (c) Kinetics of the non-
linear absorption for increasing pump fluence. The net gain (A<0) persists for 
600 ps. (d) Material gain gi spectra at 5 ps for different pump fluences (similar 
to 4c) reaching up to 2000 cm-1. Inset shows the evolution of the maximum 
material gain with pump fluence, expressed as number of absorbed photons 
per QD , < 𝑁 >.  
 
To conclude, we have shown that a TA - measurement on a 
QD dispersion can determine: the material gain, the excited 
state lifetime and the gain threshold. It is important to realize 
that these are optimal numbers: incorporating the QDs into a 
cavity or waveguide will only reduce the gain coefficient (due 
to dilution (f<1) and a finite modal confinement (Γ	< 
100%)[45] and raise gain thresholds (due to guiding losses). 
Indeed, we can readily translate the material gain into a modal 
gain 𝑔O (see further, section IV) using device specific values 
for f and Γ. Determination of the material gain, gain lifetime 
and threshold from a solution measurement thus provides us 
with input for a lower limit to the acceptable loss and 
confinement for developing nanophotonic components.    
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III. THIN FILMS: PATTERNING, EMBEDDING & ETCHING 
 
As was shown in section II, solution based measurements 
allow us to characterize the linear (absorption/emission, 
quantum yield (QY), radiative lifetime) and 'non-linear' 
(material gain, threshold, excited state lifetime, ...) properties 
of QDs. Yet, functionalizing SiNx photonics using QDs also 
requires a process technology, involving QD deposition, their 
embedding into a SiNx matrix and method for patterning those 
structures into (nano-)photonic components. A priori, it is not 
clear whether the exciting properties of high emission QY and 
broadband optical gain can be transferred to an embedded and 
patterned QD-SiNx composite. We will show that we (a) can 
fabricate such hybrid composites with high quality and (b) 
have developed a testbed to characterize them afterwards. In 
doing so, we can be assured that the linear and multi-excitonic 
properties are indeed well preserved before we make the 
transition to actual integrated devices.  
A. Film formation 
Transferring colloidal QDs from a dispersion to a thin film is, 
in principle, relatively quick and cost-effective as we do not 
need vacuum techniques. Indeed, we can use solution-based 
techniques such as spin coating. However, using spin coating 
to define optically smooth layers with monolayer control over 
thickness, is not so easy and hence for very thin layers, we 
prefer to use Langmuir-Blodgett deposition.[46] During this 
process (see Fig. 5a) QDs , which are hydrophobic due to the 
organic apolar ligand shell, are initially spread on a water 
surface where they quickly form a sub-monolayer. Upon 
compression of this sub-phase, a close packed layer can form 
which is then transferred to a suitable substrate using a pull-
out procedure (LB) and/or stamping (Langmuir-Schaeffer). 
[46] For either very thick or extremely dilute active layers 
(e.g. for single QD deposition), spin coating is often more 
efficient. For example, the laser cavities formed in section VI 
require thick active layers of over 50 nm and in such a case, 
spin coating is preferred. However, sequential use of the LB 
technique (or using a variation of 'stamping', so-called 
Langmuir-Schaefer) would allow to engineer the thickness of 
the QD layer with monolayer control to further meticulously 
optimize the performance of such devices. [47] An example of 
this approach is shown in Figure 8 for PbS/CdS QDs. 
A. Embedding into silicon nitride 
QDs can be deposited and patterned directly on top of optical 
components[48], [49], yet incorporating the QDs into the bulk 
of the optical component by embedding dramatically improves 
the modal overlap and the coupling efficiency (see section V). 
A typical embedding process (see Fig. 6a) involves the 
creation of a SiNx/QD/SiNx sandwich where care is taken 
during deposition to ensure (a) maximum optical quality of the 
nitride layers and (b) minimal material damage to the QDs. To 
this end, the bottom layer is typically always deposited at 270 
°C (hereafter called H-SiNx) through a Plasma-Enhanced 
Chemical Vapor Deposition (PECVD) process, whereas the 
top layer is deposited at a relatively low temperature of 120 °C 
(L-SiNx) to avoid damage to the QD layer underneat. Yet, 
when high quality nitride is needed, the higher temperature H-
SiNx process could used, but one should take into account that 
this process does seem to affect the luminescence quantum 
yield of the QDs (see Fig. 6b). Additional shelling with ZnS 
could remedy this issue.[20] Another crucial element in 
deposition of the top nitride layer is to ensure good contact 
between the QD layer, which is a 'soft material', and the 
nitride capping. To ensure this, a mixed frequency PECVD 
process is developed that minimizes any stress in the nitride 
layer which could otherwise lead to cracking.  
 
Fig. 5.  Film formation (a) Schematic of Langmuir-Blodgett (LB) process (b) 
Quasi-perfect monolayer formed by LB deposition of flash CdSe/CdS QDs on 
silicon under UV illumination showing large area uniformity. (c) SEM image 
of the same film. (d) Possible bottlenecks in the LB process arise because of 
layer stress due to over-compression and (inset) cracks due to ill-passivated 
QDs and/or unbound ligands in the QD dispersion used for LB. Adapted in 
part from ref [44]. Copyright 2015 OSA  
 
 
Fig. 6.  Embedding and etching processes (a) Schematic of embedding and 
etching process where SiNx (yellow) is deposited on a QD layer (red), 
followed by resist patterning (grey), reactive ion etching (RIE) and resist lift-
off. (b) The photoluminescence spectrum and lifetime of a ca. 50 nm spin 
coated layer of flash CdSe/CdS QDs before and after deposition of SiNx at 
270°C (blue) and 120°C (red). Clearly, the 120°C is more gentle for the QD 
layer although in both cases no spectral shifts or trap-related emission is 
observed. The optical quality of silicon nitride deposited at low temperature is 
however reduced [44], yet the effect is to be weighed with the improved 
preservation of the QD luminescent properties. (c) Cross section SEM of a L-
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SiNx/QD monolayer/L-SiNx stack showing the presence of an 'undercut' 
which is then resolved (d) by optimization of the RIE gas mixture. Adapted 
from ref. [44]. Copyright 2015 OSA 
 
B. Etching 
When QDs are deposited on a large area and consequently 
embedded into SiNx, we still need to pattern the initially 2D 
planar structure, e.g. into a waveguide or a microdisk (see 
further). We also developed patterning techniques on the level 
of the QDs themselves (see VI)[50], yet it is more 
straightforward to etch 'top down' when no specific 
localization of QDs within an optical component is required. 
Apart from material loss induced by the absorption and 
scattering in the nitride and/or QD film, modal losses of 
optical components are often limited by sidewall roughness 
after the etching step. Typically, a reactive ion etch (RIE) or 
'dry' etch is used to obtain straight and smooth sidewalls. We 
optimized a gas mixture of CF4/H2 to etch stacks of H/L-
SiNx[44] (see Fig. 6c,d) where the role of H2 is to form a 
polymer inhibitor on lateral sidewalls which protects these 
from further damage. The H2 - content turns out to be a key 
parameter to obtain smooth and straight sidewalls, in turn 
essential to obtain high Q microcavities (see VI). Remarkably, 
the RIE process does not seem to be strongly affected by the 
presence of an organic/inorganic QD film in between the H 
and L-SiNx, as we are able to etch through the hybrid 
nitride/QD stack with the same process developed for pure 
SiNx stacks (see Fig. 6c,d). However, a small undercut is 
observed in the regular process which can be alleviated by 
increasing the H2-content in the etching gas mixture.[51] 
IV. MODELING AND THEORY 
The connection between the exciting properties measured in 
solution such as the material gain and the requirements of 
integrated nanophotonic devices such as the Q-factor is a 
priori not clear. This section aims to provide a starting 
platform to translate the intrinsic properties of QDs to device 
specific quantities such as the modal gain/loss by means of the 
'mode confinement factor'. The latter can however only be 
evaluated correctly when we can model the mode profile of 
the hybrid QD-SiNx components.  
 
 A. Refractive index of QD composites 
 
Simulating nanophotonic components hybridized with QDs, 
such as waveguides or micro-resonators, requires a means of 
modeling the QD layer. Typically, this is done through the use 
of an effective complex dielectric function 𝜀7PP (or effective 
refractive index 𝑛7PP- = 𝜀7PP) that models the QD layer as an 
effective medium [52], characterized by a volume fraction f : 
 
where 𝜀I is the host permittivity and 𝑓+, is the local field 
factor defined as 3𝜀I/(2𝜀I + 𝜀12). Typical values for 𝜀I	are 𝜀I ≅ 4 for SiNx and close to 1.5 for typical organic ligands 
and polar solvents. When SiNx is deposited onto QDs (see 
further), we don't expect the nitride to penetrate the QD film 
due to the physical nature of the CVD process as opposed to 
e.g. atomic layer deposition.[53] As such, when encapsulating 
QDs into SiNx, the host permittivity is closer to that of 
air/ligands, than that of SiNx (see also Fig. 8d). The complex 
dielectric function of the QD itself, 𝜀12, can be obtained 
through a procedure outlined by Moreels et al. [54] where 
Kramers - Kronig relations between absorption and refraction 
are used to determine 𝜀12 from the linear absorption spectrum 
of a QD composite. A viable alternative is to measure the 
refractive index directly through ellipsometry (Fig. 7a), where 
the difficulty is often to find a suitable model to extract the 
complex valued index from the raw ellipsometry output. [55]  
 
 B. Photonic components 
 
Using the dispersive effective index described above, we can 
simulate the mode profiles of nanophotonic components 
through effective index solvers or full FDTD solvers. The 
fraction of light confined in the QD layer, the so-called 'modal 
confinement' Γ, will allow us to quantify light absorption and 
stimulated emission in a variety of photonic structures such as 
hybridized waveguides and cavities, see further. A useful 
definition of the mode confinement in a layer "i" Γ for a 
segmented 2D structure (e.g. a bus waveguide along the z-
direction) is given by Visser et al. [45]: 
 Γ = 6RS 566RTUT 56            (4) 
 
where 𝑆W(𝑥, 𝑦)  is the time-averaged z-component of the 
Poynting vector. We can write [56] (see also eq. 3):  
  𝑝O(𝜆) = 𝑝"(𝜆)×𝑓×Γ            (5) 
 
where f is the QD volume fraction and p is the desired 
property to be evaluated such as modal optical loss or gain.	𝑝" 
is the intrinsic counterpart measured in solution such as the 
intrinsic absorption 𝜇" or material gain 𝑔" (see II.B and II.C). 
We will show in the next sections that this intuitive and simple 
formula matches very well with experimental results related to 
modal loss and gain, both in strip waveguides as in full high Q 
microcavities.  
 
 C. Thin films  
 
Upon film formation, the dielectric environment of the QDs 
changes drastically which affects the interaction with light 
according to the local field factor concept. Usually, the 
dielectric constant of the environment (labeled 𝜀I before) 
increases upon film formation leading to reduced screening 
and hence larger (modal) absorption or gain. When QDs are 
put in ordered superstructures, near-field dipole-dipole 
coupling can influence the dielectric properties to the extent 
that e.g. linear absorption cross sections can be enhanced 
depending on the particle geometry and spacing. [35]  
Apart from these dielectric effects, also interparticle charge 
transfer and Förster-type exciton transfer can occur in densely 
𝜀7PP,\ ≅ 𝜀I 𝜀7PP,] ≅ 𝑓+, 	-×𝑓×𝜀],12 
 
 
(3) 
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packed assemblies of QDs.[57] It is worth to mention that for 
the high quantum yield, thick shell CdSe/CdS QDs used in this 
work, all of these effects are often quite small as is evidenced 
for example by a lack of exciton red-shift or substantial 
quantum yield reduction upon film formation. Yet, core-only 
structures (such as CdSe platelets [21]) could suffer from these 
effects to a greater extent.  
 
   
Fig. 7. (left) Refractive index and loss coefficient extracted from ellipsometry 
(using a Cody-Lorentz model) on a SiNx/QD/SiNx stack with a ca. 55 nm 
thick layer of flash CdSe/CdS QDs. (right) Mode profile of fundamental TE 
mode in a SiNx/QD/SiNx slab structure. 
 
V. HYBRID WAVEGUIDES 
A useful test case for the incorporation of QDs with 
nanophotonics is that of simple strip waveguides. We will 
show that both light absorption and (stimulated) emission of 
QD-enabled silicon and SiNx waveguides can be achieved 
through the processing steps developed in section III. 
Moreover, we can understand the measured modal losses and 
net modal gain through the non-linear solution based 
measurements of section II and the theory framework of 
section IV. 
A. Non-embedded QDs and modal loss 
The linear optical properties of hybrid QD-functionalized have 
been investigated by Omari et al. [48], [58] Here, near-
infrared PbS/CdS QDs [59] were deposited on top of silicon-
on-insulator ridge and rib waveguides (see Fig. 8) using 
Langmuir-Blodgett deposition cycles (see III.A). A first 
demonstration of coupling between the QDs and the optical 
modes of the waveguide was shown through simple 
transmission experiments where the waveguide loss was 
spectrally resolved and linked to the QD overlayer. In hybrid 
waveguides without embedding of the QDs, the modal 
confinement in the QD layer is limited to a few percent only. 
Fig. 8d shows that the modal loss can be traced back to the 
QD absorption spectrum, both qualitatively and quantitatively, 
indicating the validity of the classical approach of eq. 5. 
Importantly, for a monolayer of QDs, the local field factor 
used in calculating 𝜇" uses a permittivity of the QD 
environment 𝜀I close to 1 (air). Going to thicker layers (Fig. 
8d, blue markers) an increased 𝜀I of 1.47 is needed to find 
good correspondence, which can be expected from the 
considerations made in section II.B: reduced screening due to 
increase in the dielectric constant of the environment gives 
rise to stronger light absorption of the QD layer, i.e. a slight 
increase in 𝜇",7PP. We will extend the concept of eq. 4 further 
to also study the effect of light amplification in hybrid 
waveguides, where the modal gain instead of loss will be 
considered. The ability to model and deposit monolayer 
precise stacks of PbS/CdS ,instead of CdSe/CdS, indicates the 
flexibility and generality of our approach.   
 
 
Fig. 8  Silicon-on-insulator (SOI) waveguides coated with near-infrared QDs. 
[60] (a) Top microscope view of SOI waveguides with optimized grating 
couplers. (b) SEM image of rib waveguide coated with a monolayer of 
PbS/CdS QDs. (c) Effective index, real (blue dashed) and imaginary (red) part 
of the PbS/CdS QD layer (d) Measured (markers) and simulated loss 
coefficients for different coatings of 1 and 7 monolayers. The measured loss 
clearly follows the absorption peak of the first exciton in PbS/CdS QDs. Note 
that for the thicker 7-layer stack, a small change of the host permittivity is 
required, i.e. from 1 to 1.47. Adapted in part from ref. [61]. Copyright 2014 
IEEE. 
B. Embedded QDs for Modal Gain 
We already know that the linear QD properties are well 
maintained upon embedding into SiNx (see III.B and Fig. 6) 
yet it remains unclear what effect the embedding has on the 
non-linear properties such as gain magnitude and threshold. 
Before going through the fabrication effort of a laser cavity, it 
is necessary to check whether also these desired multi-
excitonic QD properties, i.e. the optical gain, are still 
preserved when embedding them into SiNx stacks. The most 
common measurement to resolve this question is the widely 
adopted variable stripe length (VSL) method where a 1D 
amplifier of variable length is created by means of a stripe 
excitation profile. This method, although easy to implement, 
has its pitfalls [62] especially in terms of collection of light for 
large stripe lengths when light starts to diffuse out of the 
acceptance cone of the collecting objective. A more robust 
approach is to use strip waveguides with varying length 
dictated by a deterministic etching process which support well 
defined optical modes that do not diffuse along the length of 
the amplifier. To this end, a ca. 50 nm spin coated layer of 
CdSe/CdS flash QDs were integrated in a h-SiNx/QD/l-SiNx 
stack following the procedure outlined in section III. The 
planar stacks are then etched to form 5 µm wide waveguides 
of varying lengths (see Fig. 9a,b).[63]  
Characterization of light propagation at 900 nm (see Fig. 9c) 
allows us to evaluate the propagation loss for micron wide 
strips as only ~1 cm-1.[44] As QDs have shown material gains 
up to 2.000 cm-1 (see Fig. 4c), we should be able to overcome 
the losses by optically exciting the QDs. 
Pumping the waveguide stripes with the same pulsed light 
source as for the TAS measurements (section II) yields an 
exponentially increasing light output for waveguides 200-500 
This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/JSTQE.2017.2737882
Copyright (c) 2017 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.
IEEE Journal of Selected Topics in Quantum Electronics 
 
8 𝜇m long (see Fig. 9d). A threshold of fluence of 217 µJ/cm2 
compares quite well to the value of 140 µJ/cm2 measured 
using TAS (see II.C). Fitting the distance-dependent light 
intensity to: 
 𝐼 = 	𝐶	(exp(𝑔O𝐿) − 1)/𝑔O (6) 
 
yields a modal gain 𝑔O	of 110 ±	10 cm-1. These results clearly 
indicate that the exciting non-linear properties of QDs are 
transferable to embedded and hybrid QD/SiNx on-chip 
components. As was pointed out in IV, the modal gain can, 
neglecting dielectric effects in first approximation, also be 
written as a neat combination of the material gain gi (see II.C), 
the QD volume fraction in the film f and the overlap between 
the optical mode and the QD layer Γ: 
 𝑔O = 𝑔"×𝑓×Γ (7) 
 
 
Fig. 9.  Characterization of hybrid SiNx/QD waveguides (a) Top view of a 
SiNx/QD waveguide pumped with 400 nm where the facet emitted light is 
coupled to a lensed fiber for characterization (b) SEM image of the cross 
section of a H-SiNx/QD/L-SiNx stack. Note that the QD layer here is much 
thicker than the monolayer used in the measurements of 9c, but compares to 
the 50 nm thick layer used in the amplifiation experiments shown in Fig. 9d. 
(c) Waveguide loss at 900 nm with (red) and without (black) a monolayer of 
quantum dots in between the H- and L-SiNx layers (see schematic inset) 
indicating that the presence of QDs does not increase the loss by much, a clear 
indication of the quality of the embedding process. (d) Light output from 
hybrid 5 µm wide SiNx/ (50nm) QD/ SiNx waveguides at different pump 
powers with different lengths under top pumping with a cylindrical lens and 
110 fs pulses at 400 nm. A clear supralinear light output is observed which is 
characteristic of amplified spontaneous emission (ASE).  Modal gain 
coefficients are extracted as 316 (black), 360 (blue) and 370 cm-1 (red). Note 
that P0= 2Pth, with Pth the threshold power density for ASE. 
 
Using the simulation tools outlined in section IV, we estimate Γ to 23% and f =0.45. In combination with the material gain gi 
of ca. 1.000 cm-1 under the given pump intensity (2 Pth,  see 
Fig. 4d), the predicted modal gain of  ≈ 100 cm-1 indeed comes 
very close to the measured values of 110 cm-1. Eventual 
discrepancies might arise from the reduced dielectric 
screening experienced by QDs in close-packed films leading 
to larger gi in thin films. In any case, the good correspondence 
obtained through eq. 7 confirms the idea that the solution 
based measurements put forward in section II are indeed 
appropriate for assessing QD material properties in hybrid 
SiNx stacks. Apart from providing a useful testbed for the 
effect of SiNx-embedding on the optical gain, the waveguides 
presented here show a first step towards QD-SiNx photonics 
and provide substantial net amplification to a well-defined 
guided mode, making them very useful for short - and long 
range on-chip optical interconnects. Moreover, the gain of ca. 
100 cm-1 could suffice to provide net roundtrip gain in 
sufficiently qualitative nanophotonic resonators where the 
losses are typically in the range of 1 - 100 cm-1 (see section 
VI). 
VI. DEMONSTRATOR 
We have arrived to the point where we can (a) embed and 
pattern SiNx/QD stacks with monolayer precision, (b) 
adequately model these hybrid stacks and (c) preserve and 
hence predict the exciting optical gain of the QDs after 
integration. The next step is to combine these efforts into 
fabricating a first on-chip demonstrator: an on-chip QD-
enabled micro-laser. As we aim for QDs to enable large scale 
and on-chip integrated photonics, we wanted the lasing cavity 
to be coupled to in-plane waveguides and to avoid 
complicated fabrication routines such as electron beam 
lithography. We therefore choose to fabricate micron-sided 
resonators (so-called 'microdisks') through classical optical 
lithography, coupled to a single mode bus waveguide for light 
extraction (see Figure 10a).[64], [65] The disks are free-
standing and supported by a pillar of amorphous silicon. An 
important advantage of this design is that only the QD 
emission in the disk's whispering gallery modes couples to the 
bus waveguide, avoiding strong background spontaneous 
emission, a serious bottleneck in previous designs (see Fig. 
10c, inset). [66] The coupling between the disk and the bus 
waveguide is a crucial addition to realize truly integrated light 
sources that couple their coherent radiation into guided modes 
of a PIC. Additionally, it offers a degree of freedom to tune 
the output efficiency of the disk laser. However, it does add a 
complexity to the design, in particular to the desired gain that 
the QD layer needs to provide. 
A. QDs as gain material in microresonators 
The proposed microcavity embeds QDs in a SiNx stack quite 
similar to the hybrid waveguides discussed earlier (see Figure 
9). Mode simulations (see also section IV) indicate that in 
such a stack, maximum modal overlap is achieved for QDs 
positioned in the middle of the disk height, as is shown in 
Figure 10d.  In section V, we already demonstrated that the net 
modal gain of such guiding structures is ca. 100 cm-1 for a 55 
nm thick film under optical pumping. Clearly, this puts a limit 
to the modal loss of the resonator as for lasing, it is exactly 
this loss that needs to be compensated. For microcavities, this 
loss 𝛼	is typically expressed through a Q factor which 
connects to the effective loss coefficient	𝛼 as:	𝑄 = 2𝜋𝑛jkk/𝜆𝛼, 
where neff is the effective index of the disk mode at the 
wavelength interest. If we assume the maximum loss is given 
by the maximum achievable modal gain of 100 cm-1 in the 
gain band (see Figure 3) around 625 nm, we obtain a minimal 
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Q-factor of ca. 2000. Of course, one would aim for the highest 
Q-possible if only loss compensation was an issue, yet other 
factors determine the choice of Q such as outcoupling 
efficiency/power of the final device. If we want reasonable 
output, we attempt to be as close to this minimal Q - dictated 
by the QDs -  as possible.  
 
Fig. 10 Disk design and schematics (a) Cross-sectional schematic of SiNx 
disk with embedded QDs vertically coupled with an on- chip waveguide. (b) 
Simulated cross-sectional field profiles of radial component (Er) and intensity 
(|E|2) for the fundamental (quasi-)TE mode in suspended disk with a 7 µm 
diameter. (c) Simulated Q factor (at a wavelength of ~ 625 nm) as a function 
of coupling gap for a 7 µm diameter disk with 170 nm thickness (monolayer 
of QDs). The red arrow indicates the gap of 200 nm used in our devices. (d) 
Field intensity along the disk height of the fundamental TE mode. Note that 
the height is adjusted to include the 55 nm thick QD film used in the final 
device. The dashed box indicates the position of the ca. 55 nm thick QD film 
in the final device. Adapted from ref [65]. Copyright 2015 OSA 
 
 B. Design and linear characterization 
 
The design of the desired high Q resonator relies on FDTD 
simulations, where a dispersive refractive index for the QDs is 
used (see section IV and Figure 7a). The Q-factor of the 
micro-resonator is linked to the losses of the system: 
outcoupling to the bus waveguide (𝑄l, which is a necessary 
loss to extract the light), the scattering loss (𝑄mln?, scattering 
throughsidewall roughness, limited by fabrication) and 
intrinsic radiative loss Qr: 
 1𝑄 = 1𝑄l + 1𝑄mln? + 1𝑄B 
  
The parameters of the system are chosen as follows: 
• Disk diameter: Mainly affects the scattering loss 𝑄mln?	as smaller disks push the modes more to the 
outer surface. See also Figure 11d. The scattering 
losses are minimized through the procedures 
outlined in section III. 
• Disk height: 250 nm, based on the requirement to 
have whispering gallery modes at 625 nm with low 
radiative loss (high Qr). 
• Waveguide height: 125 nm, corresponding to a 
fundamental TE mode at 625 nm. 
• Gap distance: Strongly affects the radiatively limited 𝑄B (see Figure 10c) and the coupling to the bus 
waveguide. A gap distance of 300 nm is chosen. 
The main parameters to tune the coupling 𝑄l, see also 
previous work by Xie et al. [65]: 
• Waveguide width & offset distance: The effect of 
both can be used to tune the coupling efficiency 
from 0.1 to 5%.  
 
Simulations indicate that an impressive Qr of up to 1 million 
for quasi-TE modes can be reached (see Figure 10c). Although 
this is very promising, this will clearly be reduced due to 
fabrication imperfections and required outcoupling for an 
actual device.  
To evaluate the disk fabrication, we focused initially on disks 
with a monolayer of QDs embedded to study the disk as such. 
Using top-down excitation, we can photo-excite the embeddd 
QD layer and the emission is collected from the bus 
waveguide. As is shown in Figure X (taken from Weiqiang et 
al. [65]), we can easily attain loaded Q-factors of up to 5000, 
surpassing the required Q ≅ 2000 with ease. These results 
indicate that the loaded disks should be able to lase, given that 
we increase the QD layer thickness from the monolayer 
regime to the ca. 55 nm thickness that provides the gain 
required to compensate the Q of ca. 2000. 
 
 
Fig. 11  Disk fabrication and linear characterization of disks with a single 
monolayer of flash CdSe/Cds QDs embedded. (a) Top view of a 7 µm disk 
with bus waveguide with ~500 nm waveguide width and −160 nm offset (b) 
Focused Ion Beam (FIB) cross section of disk of (a) along dashed red line. (c) 
Background-free spectrum of the emitted light under low-fluence excitation 
collected at the output facet of the bus waveguide and (inset) broadened PL 
spectrum collected from the top of a 15 𝜇m disk using a confocal collection. A 
Q-factor of 4460 is extracted for the fundamental TE WGM mode at 622.8 
nm. (d) Measured and simulated free spectral range (FSR) values and fitted Q 
factors for different diameter (D) disks with a monolayer of QDs. Both the 
FSR and Q are calculated for the modes around ~622 nm, and Q factors are 
measured for the devices with ~500 nm waveguide width and −160 nm offset. 
Adapted from ref [65]. Copyright 2015 OSA 
 C. Results 
Fig. 11 shows an overview of the results obtained on an 7 µm 
microdisk (Q ≅ 	2000)	under top-down picosecond pulsed 
excitation at 400 nm where the light is collected from the bus 
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waveguide. A clear supralinear increase of the light emitted 
into the specific cavity modes is observed, together with a 
shortening of the lifetime of the QD emission as it transitions 
from spontaneous emission to stimulated emission, yet another 
characteristic of lasing. Fig. 12d shows that the light emitted 
by the QDs couples to the whispering gallery mode when 
lasing action kicks in. [51][64] We like to stress that we show 
results for the 7 µm disk as this is the most challenging due to 
the low Q. Xie et al.[64] have shown that also larger disks lase 
which is not entirely unexpected due to the higher Q-factor 
(see Figure 11d). Although the results presented here are not 
the first demonstration of QD lasing[67]–[69], nor a 
demonstration with the lowest threshold [70], it is the first 
fully integrated on-chip colloidal QD laser, thereby clearly 
demonstrating the massive potential for colloidal QDs to 
enable cost-effective and more versatile next-generation 
integrated photonic circuits. Several optimizations of the 
exisisting design are ongoing, in particular related to both the 
QD gain material (various core/shell combinations) and QD 
layer thickness in the active device. Further optimizaton of the 
etching protocol could also lead to lasing in smaller disks, 
hence obtaining larger FSRs. 
 
 
Fig. 12.  Overview of on-chip microdisk laser (7 µm diameter, gap 300 nm, 
offset 200 nm) with a 55 nm QD gain layer (total disk height of 250 nm) 
under top-down picosecond pulsed excitation at 450 nm. (a) spectra below and 
above threshold Pth (b) Integrated intensity versus pump power, showing a 
clear S-curve with a threshold of 26.8 𝜇𝐽/cm2. (c) Output intensity versus time 
below (black markers) and above threshold (red line) and (d) optical 
microscope image of a 15 µm disk above and below threshold showing the 
transition from spontaneous emission to stimulated emission into a single 
whispering gallery mode. [51] 
 
VII. CONCLUSION AND OUTLOOK 
We have presented a design flow for hybrid QD-silicon nitride 
components where starting from colloidal dispersions various 
integrated components were demonstrated, from simple strip 
waveguide amplifiers to fully integrated on-chip lasers. 
However, the toolbox clearly allows us to explore a variety of 
new routes for hybrid QD-SiNx optoelectronics.  
A. Continuous Wave Pumping  
A long sought after breakthrough for QD opto-electronics is a 
continuous-wave (CW) laser, pumped either optically at first 
but preferably electrically driven in the future.[71] Realistic 
current densities in state-of-the-art direct current QD-LEDs 
are in the order of several A/cm2 ([72]–[74]) implying that 
optical pumping thresholds should drop to the order of a few 
W/cm2. The only report so-far on ASE and lasing under these 
extremely low thresholds is that of Grim et al. [70] who 
reported ASE at a threshold of 6 W/cm2 using quasi-2D CdSe 
platelets. Although this result is under debate, it clearly points 
towards the potential of QD based gain media to reach such 
low threshold densities in the near future. Apart from this sole 
report, a more common threshold for lasing is that of several 
tens of kW/cm2 observed by Adachi and Fan et al.[75],[76] 
who reached these low thresholds by focusing on  the thermal 
conductivity and packing density of their QD films through 
ligand exchange and a focus on the excited state lifetime, i.e. 
the timescale on which population inversion can be sustained.  
Although a direct comparison between thresholds under 
pulsed operation and continuous wave are often difficult, we 
believe that the microdisk laser presented in the previous 
section can be pushed to CW operation by improving on the 
points mentioned by Fan et al. [76], especially since the QDs 
used in that seminal work show properties (such as gain 
lifetime, cross section, ..) comparable to the 'flash' QDs used 
here . Although the threshold densites remain quite high for 
comparable electrical excitation, we are strongly convinced 
there are many applications for optically pumped integrated 
SiN-QD devices. As a matter of fact some of the most 
successful optical devices in use today are optically pumped 
(e.g. Erbium Doped Fiber Amplifiers, Nd:YAG-lasers, tunable 
TiSaph lasers …).  Typically, this is relevant if “low quality” 
pump light (i.e. light with low coherence, light with low beam 
quality …) is translated in “high quality” light (single 
wavelength lasing, lasing with high beam quality, tunable 
lasing, amplification of WDM signals, …). Although nitride 
seems to rule out electrical excitation, it was shown by 
Bozyigit et al. [77] that field driven ionization in insulator/QD 
stacks can lead to electroluminescence.  
 
 
 
Fig. 13.  SEM images of the nanoscale patterns for QD films. (a) SEM images 
of 5 × 5 dot patterns of QDs by using the resist hole of 31.6 nm diameter and 
∼33 nm thickness. All images have the same scale bar of 50 nm as shown in 
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the image at the right bottom corner. (b) Line and (c) ring patterns with 
different widths, and the enlarged views for some selected widths for line ring 
(d) patterns. The inset at the right lower corner in (c) shows the respective 
micro-PL of the corresponding pattern shapes. Reprinted with permission 
from ref. [78]. Copyright 2015 American Chemical Society. 
B. Patterning 
Deterministic patterning of QD films is extremely relevant for 
either (a) single QD deposition and (b) improving light-matter 
interaction. Indeed, when the QDs could be deposited where 
the field intensity of the fundamental mode is highest, modal 
gain would improve drastically reducing the thresholds for 
stimulated emission and lasing. For example, the ring patterns 
in Fig. 13 would match perfectly to the doughnut-shaped 
mode profiles of the fundamental whipsering gallery modes of 
the microdisk laser (see Figure 10). It is expected that also the 
etching process (and hence the scattering losses) would benefit 
as we no longer have to etch through a thick QD layer. Single 
dot patterning on the other hand is a must for future single-
photon sources (see section VI.C). Using an optimized lift-off 
process we are able to achieve both nanoscale and single-dot 
patterning (see Fig. 13a) allowing us to locally deposit QDs in 
the near future.  
C. Single Photon Sources 
The application potential of integrated light sources is not only 
limited to the classical applications such as light emitting 
diodes or lasers. All-optical quantum information processing 
has shown vast potential in areas as computing, cryptography 
and random number generation. [79], [80] Colloidal QDs are 
prime candidates for realizing on-chip single photon sources 
due to the two-level nature of their emitting states. Indeed, 
numerous reports indicate the potential of QD , in particular 
even for the flash-type CdSe/CdS QDs used in this work[81], 
for this purpose, yet no clear road towards integration is 
presented mainly due to the low coupling of QD light 
emission into nanophotonic structures. Even so, the use of on-
chip light sources could be greatly beneficial due to the larger 
scale on which computations could be carried out, often 
required for error compensation, and the cost of quantum 
photonic components could be drastically reduced. The work 
of Bisschop et al.[82] demonstrates that high coupling 
efficiency and polarization contrast can be attained in the 
relatively simple silicon nitride waveguides used here. The 
ability to pattern single dots (see Figure 13a) and fabricate 
high Q cavities (see Figure 10) coupled direclty to PICs, the 
silicon nitride platform presented here clearly offers a road 
towards on-chip QD-based quantum optics. 
 
    D. Improved mode coupling 
 
For the 1D amplifiers outlined in section V, a considerable 
fraction of the initial spontaneous emission will not couple to 
the guided mode that provides amplification, which will 
increase e.g. the gain threshold. Typical values for the mode 
confinement in the active layer of SiNx waveguides with 2D 
layers of QDs are ca. 20 %, which is an improvement over the 
simple 'coated' waveguides of section V.A where only a few 
percent of the guided mode was found in the QD layer. When 
considering emission of only a few QDs, for example for 
single photon sources (see previous), this is even more 
relevant as the collection efficiency of single photons is key to 
many applications. It is therefore instructive to attempt 
improvements of the coupling efficiency and consider 
alternatives to the simple strip waveguide on oxide. 
Embedding the QDs directly into the bulk of the component 
drastically improved the coupling efficiency to e.g. the 
fundamental mode of a straight waveguide, but Bisschop et al. 
[82] indicated that by defining slot waveguides or suspended 
strip waveguides, the coupling efficiency for spontaneous 
emission can be as high as ~70%. A strong polarization 
dependence was observed despite the small index contrast 
between the QDs and SiNx, which in turn could be useful for 
engineering the polarization state of single photons (see 
section VI.C). 
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